We sampled, using the brain dialysis tech nique, interstitial fluid adenosine from the frontal cortex of newborn piglets subjected to hemorrhagic hypotension while measuring sagittal sinus blood flow, cerebrovas cular resistance (CVR), and cerebral O2 delivery. In group 1 (n = 8), MABP was reduced in successive steps from 76 to 30 mm Hg with decrements of � 1 0 mm Hg. At 60 mm Hg, CVR decreased by 19% (p < 0.001), but sag ittal sinus blood flow and interstitial fluid adenosine re mained unchanged. At 50 mm Hg, both sagittal sinus blood flow and CVR decreased by 19% (p < 0.001) and interstitial fluid adenosine rose 4.7-fold (p < 0.05). At 40 and 30 mm Hg, sagittal sinus blood flow decreased fur ther but CVR remained steady, whereas interstitial fluid adenosine rose 10-and 16-fold, respectively. In group 2 (n = 7), an abrupt reduction of MABP from 80 to 47 mm Hg It is well established that neonates exhibit auto regulation of CBF to maintain constant CBF over a range of systemic blood pressure (Hernandez et al., 1980; Laptook et aI., 1982; Leffler et aI., 1986). While the precise mechanism for the autoregulation of CBF remains unclear, in the adult it has been explained primarily by myogenic and metabolic theories (Bayliss, 1902; Kontos et aI., 1978). Ac cording to the metabolic theory, during systemic hypotension, vasodilator metabolites are produced by the neural tissue and released into the interstitial space, causing cerebral vasodilation, and thereby constant CBF is maintained. Adenosine has been proposed as one of the metabolic mediators that participate in the autoregulation of CBF (Rubio et
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We sampled, using the brain dialysis tech nique, interstitial fluid adenosine from the frontal cortex of newborn piglets subjected to hemorrhagic hypotension while measuring sagittal sinus blood flow, cerebrovas cular resistance (CVR), and cerebral O2 delivery. In group 1 (n = 8), MABP was reduced in successive steps from 76 to 30 mm Hg with decrements of � 1 0 mm Hg. At 60 mm Hg, CVR decreased by 19% (p < 0.001), but sag ittal sinus blood flow and interstitial fluid adenosine re mained unchanged. At 50 mm Hg, both sagittal sinus blood flow and CVR decreased by 19% (p < 0.001) and interstitial fluid adenosine rose 4.7-fold (p < 0.05). At 40 and 30 mm Hg, sagittal sinus blood flow decreased fur ther but CVR remained steady, whereas interstitial fluid adenosine rose 10-and 16-fold, respectively. In group 2 (n = 7), an abrupt reduction of MABP from 80 to 47 mm Hg It is well established that neonates exhibit auto regulation of CBF to maintain constant CBF over a range of systemic blood pressure (Hernandez et al., 1980; Laptook et aI., 1982; Leffler et aI., 1986) . While the precise mechanism for the autoregulation of CBF remains unclear, in the adult it has been explained primarily by myogenic and metabolic theories (Bayliss, 1902; Kontos et aI., 1978) . Ac cording to the metabolic theory, during systemic hypotension, vasodilator metabolites are produced by the neural tissue and released into the interstitial space, causing cerebral vasodilation, and thereby constant CBF is maintained. Adenosine has been proposed as one of the metabolic mediators that participate in the autoregulation of CBF (Rubio et produced no change in sagittal sinus blood flow and a 29% decrease in CVR (p < 0.01). Interstitial fluid adeno sine increased twofold (p < 0.01). In group 3 (n = 7), an abrupt reduction of MABP from 79 to 40 mm Hg de creased sagittal sinus blood flow and CVR by 24 and 30%, respectively (p < 0.0 1). Interstitial fluid adenosine rose threefold (p < 0.01). In groups I, 2, and 3, the in creases in interstitial fluid adenosine accompanied de creases in cerebral O2 delivery. In group 4 (n = 7), artifi cial CSF with a P02 of 152 mm Hg was perfused through the brain dialysis cannula during graded hypotension. In this group, interstitial fluid adenosine rose only at an MABP of 20 mm Hg. These data support the concept that adenosine participates in the regulation of CBF during hypotension in piglets. Key Words: Adenosine-Autore gulation-Cerebral blood flow-Neonatal piglet. aI., 1975; Winn et aI., 1980) . The proposal is sup ported primarily by observations that adenosine causes cerebral vasodilation (Berne et aI., 1974) and brain tissue adenosine content increases during systemic hypotension (Rubio et aI., 1975; Winn et aI., 1980) . It has recently been demonstrated, how ever, that a large fraction of adenosine is bound to S-adenosylhomocysteine hydrolase and remains in side the cell (Ueland and Saeb\2l, 1979; McIlwain and Poll, 1986) . Hence, measurement of brain tissue adenosine content does not permit accurate calculations of adenosine concentrations in the in terstitial space. Contrary to a previous report (Winn et aI., 1980) , we found in our recent study of the adult rat that interstitial fluid adenosine level failed to rise significantly during the autoregulation of CBF (Van Wylen et aI., 1987) . Thus, the ques tion of whether adenosine plays any role in the reg ulation of adult CBF remains to be resolved.
Whether adenosine participates in the autoregu lation of neonatal CBF is unknown. If adenosine is to have a role there, the interstitial fluid adenosine concentration in direct contact with the cerebral ar terial vessels must increase at blood pressures within the autoregulatory range. In the present study, we directly sampled cerebral interstitial fluid adenosine using the brain dialysis technique and concomitantly measured sagittal sinus blood flow in newborn piglets subjected to hemorrhagic hypoten sion. In addition, we investigated whether cerebral interstitial fluid adenosine during hypotension in the neonate is linked to cerebral tissue hypoxia.
METHODS

General preparation
Piglets under 5 days of age weighing 0.8-2.4 kg were anesthetized with xylazine (3 mg/kg i.m.) and ketamine hydrochloride (initial dose 25 mg/kg i.m.; supplemental dose 15 mg/kg/h i.m.). Tr acheostomies were performed and animals were paralyzed (pancuronium bromide 1 mg/kg i.m.) and mechanically ventilated with room air and O2, The inspired Oz and end-tidal COz were con stantly monitored. Catheters were inserted into the fem oral arteries to record MABP (Gould Brush 260) and to draw samples for blood gas analysis (Corning 158 pHI blood gas analyzer). A catheter was also inserted into a femoral vein for reinfusion of venous blood from a reser voir prepared for measurement of sagittal sinus blood flow. Oxygen content of arterial blood and sagittal sinus blood were measured by a CO-Oximeter (model 282; In strumentation Laboratories). Rectal temperature was maintained at 39 ± OSC by external heating. After ex periments were completed, the animals were killed by in travenous administration of saturated KC I.
Measurement of brain interstitial fluid adenine nucleosides
The brain dialysis technique was used to sample in vivo interstitial fluid adenosine, inosine, and hypoxan thine (Van Wylen et aI., 1986; Park et a!., 1987a) . Briefly, the dialysis cannulas were made of a single Clirans TH 10 hollow dialysis fiber (inner diameter 300 f.Lm; molecular weight cutoff 5,000 amu), an inflow and an outflow silica tube (inner diameter 25 f.Lm, outer diameter 115 f.Lm; An spec Co., Ann Arbor, MI, U.S.A.). The inflow and out flow silica tubes were aligned within the hollow fiber to have the lowermost 5 mm of the hollow fiber exposed for dialysis. With microsurgical technique, the cannulas were implanted 15 mm deep from the surface of the frontal cortex, 3 mm lateral to the midline, and 2 mm pos terior to an anterior rim of the orbit. The cannulas were perfused with artificial CSF at a rate of 2 f.LlImin (Car negie Medicine AB model CMA/100). Effluent was col lected directly into preweighed plastic vials and weighed to determine the perfusate volume collected. In groups 1, 2, and 3, artificial CSF was bubbled with 95% N2-5% COz and consisted of the following (mM):NaCI 132.8, KCI 3.0, CaCI2 2.0, MgClz 0.7, NaHC03 24.6, urea 6.7, and glucose 3.7. In group 4, artificial CSF was not bub bled with the gas but was equilibrated with room air. In this group, the concentration of NaHC03 was reduced from 24.6 to 2.4 mM to bring the pH of CSF to 7.2 ± 0.5 (SE). The artificial CSF was rapidly aspirated into a I-ml
Hamilton syringe connected to a silica tube. One end of the silica tube was connected to the inflow silica tube of the dialysis cannula. Since the silica tube and Hamilton syringe are impermeable to gas, the entire CSF infusion system was airtight.
Adenosine, inosine, and hypoxanthine were assayed by HPLC (Beckman 114 M pump, model 160 absorbance detector; precolumn-OD-GU, spheri-5, RPI8, Brownlec Labs; analytical column, ultras ph ere ODS C-18, Altex). The perfusate was diluted with distilled water to a total volume of 120 f.LI, and 100 f.LI of the diluted sample was assayed with a linear gradient method [methanol 0% (pH 4.5) to 25% (pH 5.3) in 100 mM KH2P04 and a flow rate of 1 mUminl. Peaks for the compounds were identified by comparing the retention time of the sample with that of known standards. Interstitial fluid adenosine, illustrated in Figs. 1-3, was calculated by multiplying perfusate concentrations by 5 on the basis of an earlier in vitro study (Van Wylen et aI., 1986) .
Measurement of sagittal sinus blood flow
Blood flow through the anterior sagittal sinus of the piglets was continuously measured using the venous out flow technique (Park et aI., 1987b) . After heparin (500 U/kg i.v.) was administered, a Tygon tube (outer diam eter 2 mm) was inserted into the sagittal sinus and the tip of the tube was advanced anteriorly to the level of the coronal suture. Venous blood from the sagittal sinus passed through the outflow tube and a cannulating probe of an ultrasonic blood flowmeter (Transonic System Inc., Ithaca, NY, U.S.A.) into a reservoir that was open to at mospheric pressure. Blood was then infused from the reservoir to the animal via the femoral vein by a roller pump. Sagittal sinus outflow pressure was continuously monitored upstream to the flow probe and maintained at below 2 mm Hg. The tip of the outflow tube was set at the level of the right atrium.
In piglets, venous blood draining from the anterior sag ittal sinus is not significantly contaminated with venous blood from extracranial sources (Park et aI., 1987b) . Moreover, all blood from the sagittal sinus of piglets passes through the outflow tube and cannulating probe used in our experiments.
Cerebral perfusion pressure was derived from MABP minus sagittal sinus outflow pressure. Cerebrovascular resistance (CVR) was estimated by dividing cerebral per fusion pressure by sagittal sinus blood flow. CMR02 was obtained by multiplying sagittal sinus blood flow by cere bral arteriovenous O2 content difference. Cerebral O2 de livery was calculated as the product of sagittal sinus blood flow and arterial O2 content.
Experimental protocol
In all groups, brain dialysis was started by infusing ar tificial CSF through the cannula 1.5 h after the dialysis cannula was implanted in the frontal cortex. This waiting period was necessary because the perfusate adenosine concentration of the piglet is high immediately after im plantation of the cannula and falls to reach a plateau in -1 h (Park et aI., 1987a) . The sagittal sinus was cannu lated for measurement of blood flow a few minutes before the brain dialysis was started. Interstitial fluid adenosine was sampled for 15 min before and after hypotension and for 10 min during each level of hypotension.
In group 1 (n = 8), graded hypotension was induced in steps of -10 mm Hg by withdrawal of arterial blood while interstitial fluid adenosine was sampled and sagittal sinus blood flow was measured. Each level of hypoten sion was maintained for 10 min. Artificial CSF had a P02 of22.6 ± 1.4 mm Hg, a PC02 of 40.3 ± 1.7 mm Hg, and a pH of7.36 ± 0.03.
In groups 2 and 3 (n = 7 each), one level of hypoten sion was induced (MABP 47 ± 3 mm Hg in group 2, 40 ± 1 mm Hg in group 3) and maintained for 10 min by with drawal of arterial blood. MABP was then returned to ward control level by reinfusion of the shed blood. The artificial CSF perfused through the dialysis cannulas had a P02 of 18.0 ± 0.9 mm Hg, a Pco2 of 38.2 ± 2.1 mm Hg, and a pH of 7.33 ± 0.03 in group 2 and a P02 of 21.5 ± 2.8 mm Hg, a Pco2 of 38.0 ± 1.8 mm Hg, and a pH of 7.31 ± om in group 3.
In group 4 (n = 7), graded hemorrhagic hypotension was induced the same way as in group 1. In this group, however, sagittal sinus blood flow was not measured and MABP was lowered in steps to as low as 20 mm Hg. The P02 of the artificial CSF was increased to 152.5 ± 4.5 mm Hg to increase a local supply of O2 to brain tissue in the immediate vicinity of the dialysis cannula. The Pco2 and pH of the CSF were 5.7 ± 0.6 mm Hg and 7.32 ± 0.08, respectively.
Statistical analysis
Statistical analysis was performed by comparing a con trol value with an intervention value using two-way anal ysis of variance followed by paired t test and Bonferroni correction. A p value of <0.05 was considered to be sig nificant.
RESULTS
Group 1: sagittal sinus blood flow and interstitial fluid adenosine during graded hypotension As blood pressure reached low levels, pH de clined progressively. Pa02 showed an upward trend in contrast to a downward trend of Pac02 associated with progressive deepening of hypotension (Table  I) pressure of 30 mm Hg. By contrast, the CVR showed a 19% decrease at a pressure of 60 mm Hg. At lower pressures, the CVR showed only minimal decreases. Changes in cerebral O2 delivery closely resembled those of sagittal sinus blood flow (Table  I) .
Adenosine concentration was not significantly changed at 60 mm Hg ( Table 2) , but it rose 4.7-fold (p < 0.05) at a pressure of 50 mg Hg, 10-fold at a pressure of 40 mm Hg, and 16-fold at a pressure of 30 mm Hg. Associated with the progressive in creases in adenosine were progressive increases in inosine and hypoxanthine. Physiological parameters obtained in these two groups are illustrated in Table 1 . In both groups, the animals became acidotic after hypotension. In group 2, the reduction of MABP to 47 mm Hg pro duced no change in sagittal sinus blood flow but a 29% decrease in CVR (Fig. 2) . CMROz remained unchanged during hypotension. By contrast, cere bral Oz delivery fell but CMROz remained un changed during hypotension. After blood pressure was restored, these values returned toward control levels. The adenosine level doubled during hypo tension (p < 0.01) and returned to control after MABP was returned to control ( Table 2 , Fig. 2) . In osine and hypoxanthine levels showed a trend to ward lower levels during and after hypotension. When blood pressure was reduced to 40 mm Hg in group 3, sagittal sinus blood flow and CVR fell significantly (Fig. 2) . CMROz also decreased during hypotension, as did cerebral Oz delivery and Oz ex traction. Resting state interstitial fluid adenosine of group 2 was comparable with that of group 1. The adenosine level rose threefold (p < 0.01) during hy potension and returned to the control level after the hypotensive period. Inosine and hypoxanthine levels showed no significant change. As in the case of group 1, animals in group 4 be came acidotic and showed a decrease in PaCOZ during hypotension. Resting state perfusate con centration of adenosine was 0. 09 ± 0.02 fLM, which was comparable with control values of the other three groups. In group 4, however, graded reduc tions of MABP to as low as 30 mm Hg produced no significant increase in adenosine (Fig. 3) . A signifi cant increase in adenosine occurred only when MABP reached 20 mm Hg (0.41 ± 0.11 fLM; P < 0.05). Likewise, inosine rose significantly only at an MABP of 20 mm Hg (perfusate concentrations: 0.47 ± 0.10 fLM for control and 2.08 ± 0.38 fLM at 20 mm Hg; p < 0.05). Hypoxanthine rose signifi-cantly at MABPs of 30 and 20 mm Hg (perfusate concentrations: 4.12 ± 0.67 fLM for control, 8.02 ± 0.93 fLM at 30 mm Hg, and 8.94 ± 0.67 J.1M at 20 mm Hg; p < 0.05).
DISCUSSION
This study of neonatal piglets demonstrates that the cerebral interstitial fluid adenosine level rises during hypotension and that this elevation parallels the tissue hypoxia associated with the hypotension. These results lend support to the concept that adenosine is a metabolic mediator that participates in regulation of CBF during hypotension in the neo nate.
During hypotension, as noted in our study, global cerebral Oz delivery declines and P02 of the brain tissue falls (Leniger-Follert, 1985) . Perfusion of ar tificial CSF rich in O2 via the dialysis cannula as in group 4 would raise the tissue P02 in the vicinity of the cannula, offsetting decreases in the O2 supply/ demand balance that would otherwise accompany the hypotension. Hence, production of adenosine in response to hypotension can be almost com pletely attenuated. Such effects of exogenous O2 on interstitial fluid adenosine were also observed during bicuculline-induced seizures in piglets (Park et aI., 1987 b) . In accordance with these observa tions, Kontos et al. (1978) reported that increased local delivery of Oz to the brain surface by superfu sion of artificial CSF containing fluorocarbons equilibrated with O2 abolished pial arteriolar vaso dilation during hypotension. These investigators speculated that the supply of exogenous O2 during the hypotension prevented the brain tissue adjacent to the arterioles from producing metabolites and re leasing them into the periarteriolar space; conse quently, the pial arterioles failed to dilate despite avoiding an inadvertent supply of exogenous O2 to the brain tissue in studies of changes in brain aden osine level. Recently, the cerebral cortical cup technique was utilized to estimate brain interstitial fluid adenosine concentration (Phillis et al., 1987) . An important disadvantage of this technique is that it requires a continuous exposure of the brain sur face and the overlying artificial CSF to room air over a period of 5-10 min while adenosine is sam pled. The exposure of the brain surface and over lying artificial CSF has been shown to result in a marked loss of CO2 and a rise in the pH of the arti ficial CSF up to 8.1 in 10 min (Navari et aI., 1978) . Furthermore, we found that when artificial CSF is equilibrated with 5% CO2 and subsequently ex posed to room air for 5 min, the P02 of the artificial CSF rises from 20-27 to 103-166 mm Hg. The in vestigators (Phillis et aI., 1987) do not mention P02 and pH in the artificial CSF removed from the cor tical cup, but those in samples of the artificial CSF were likely altered in the course of their experi ments. In addition to the problem of altered P02 in the artificial CSF, the cerebral cortical cup tech nique fails to correct for the dilution of adenosine in the CSF space. Adenosine released into the inter stitial space is avidly taken back by the cells and only a small amount of adenosine may reach the CSF space where it is diluted. Consequently, a sig nificant gradient in adenosine concentrations exists between the brain interstitial space and the cisterna magna CSF (Park et aI., 1987a) . Whereas hypotension increased the cerebral in terstitial fluid adenosine of the piglets, the blood pressure change that accompanied the first signifi cant increase in interstitial fluid adenosine varied with the method used for inducing hypotension. In group 1, in which the hypotension was induced in steps, reduction of MABP to 60 mm Hg caused no significant changes in cerebral interstitial fluid adenosine or sagittal sinus blood flow. When MABP was further reduced to 50 mm Hg, cerebral interstitial fluid adenosine rose, and at this level of hypotension sagittal sinus blood flow also fell. In group 2, in which the desired level of hypotension was achieved abruptly by hemorrhage, reduction of MABP to 47 mm Hg caused a significant increase in interstitial fluid adenosine, whereas it did not affect sagittal sinus blood flow. Thus, if the lower limit of autoregulation is defined as the MABP at which a first significant decrease in CBF occurs (Jones et aI., 1976) , in the case of graded hypotension, inter stitial fluid adenosine level rose only when blood pressures declined below the lower limit. In con trast, interstitial fluid adenosine rose at blood pres sures above the lower limit in the case of one-level hypotension. One of the explanations for this dis parate result would be a difference in the total pe riod of hypotension between the two groups before interstitial fluid adenosine and sagittal sinus blood flow were measured. The animals subjected to graded hypotension had already been exposed to 10 min of mild hemorrhagic hypotension at 60 mm Hg before their blood pressure reached 50 mm Hg. The accumulated effects of the mild hypotension would therefore have altered the autoregulatory capacity, resulting in the decrease in sagittal sinus blood flow at a blood pressure of 50 mm Hg. Nevertheless, if the autoregulation of CBF is viewed as a process of continuous cerebral vasodilation, and the lower limit of autoregulation of CBF is defined as the MABP at which the maximal cerebral vasodilation has occurred in response to reductions of MABP (Heistad and Kontos, 1983) , results of our study suggest that adenosine plays a role in the autoregu lation of CBF in the neonate.
This interpretation of our data is complemented by unique anatomical arrangements of the arte rioles inside the brain. It is clear that the intrapa renchymal arterioles of the brain are surrounded by the endfeet of astrocytes (Maynard et aI., 1957) . The space between the astrocyte endfeet and arte-rioles is �20 nm (Bradbury, 1979) , and the mem brane of the astrocyte endfeet contains an impor tant ectoenzyme (5'-nucleotidase) that dephosphor ylates AMP to adenosine (Kreutzberg et aI., 1978) . Thus, a small increase in adenosine within the narrow space will greatly increase adenosine con centration on the arteriolar wall. It is conceivable that the true periarteriolar concentration of adeno sine rises more rapidly and to a higher level in re sponse to a small reduction of MABP than intersti tial fluid adenosine measured using the brain dial ysis technique.
Although the possible role of adenosine in auto regulation of neonatal CBF is implied, there are im portant limitations in the methods employed in our study. First, the area of the brain sampled by brain dialysis is much smaller than the area covered by measurement of sagittal sinus blood flow (Park et aI., 1987b) . Second, as shown in studies on the adult cat (Kontos et aI., 1978) , autoregulatory ad justment of the pial arterioles is completed in 3-12 s after induction of hypotension, and such a rapid autoregulatory adjustment may also occur in the neonatal brain. In our study, however, we sampled adenosine over a period of 10 min because the assay of adenosine using HPLC required a rela tively large dialysate volume. For these reasons, changes in interstitial fluid adenosine shown in our study may not correlate well with those of sagittal sinus blood flow. To overcome this methodological shortcoming, it would be necessary to make simul taneous measurements of interstitial fluid adeno sine and local CBF in the same area of the brain during short-lasting hypotension.
CVR declined from control at all levels of hypo tension studied. It is particularly interesting that in the group of graded hypotension, a significant fall in CVR occurred at an MABP of 60 mm Hg, at which interstitial fluid adenosine and sagittal sinus blood flow remained unchanged. At present, it is unknown whether concentrations of other meta bolic mediators (i.e., prostanoids, H+, and K+) change during such mild hypotension in the neo nate. We speculate, however, that the myogenic mechanism may primarily account for the decline of CVR during the mild hypotension in a manner similar to that in the adult (Bayliss, 1902 ). An addi tional observation of interest made in the group of graded hypotension is that CVR showed virtually no further decline despite the progressive fall of blood pressure, while cerebral interstitial fluid adenosine rose progressively. Similarly, CVR in the groups of one-level hypotension fell, but only to a small degree. These results indicate that the cere bral arterial vessels of the neonate are much less responsive to changes in metabolic and myogenic influences associated with hypotension than those of the adult. In keeping with our findings, others have also reported a small decrease in CVR during hemorrhagic hypotension in neonatal piglets (Leffler et aI., 1986) .
One of the important physiological actions that adenosine exerts on the brain is to increase its O2 supply by dilating cerebral arterial vessels (Berne et aI., 1974) and to decrease O2 demand by modu lating neuronal activity (Fredholm and Hedqvist, 1980) . The vasodilator and neuromodulator actions of adenosine are mediated via interactions with the adenosine receptors (Fredholm and Hedqvist, 1980; Edvinsson and Fredholm, 1983) . Since adenosine receptors are located on the cell membrane (Bruns et aI., 1980) , the receptor-mediated physiological actions of adenosine, i.e., maintenance of an O2 supply/demand balance, will depend largely upon the adenosine concentration in the extracellular space. Our finding that interstitial fluid adenosine concentration progressively rose with increasingly severe cerebral ischemia is consistent with the no tion that adenosine may participate in protection of the brain from ischemia in the neonate. The protec tive effect of adenosine on the brain has been sug gested in recent studies of the adult rat (Block and Pulsinelli, 1987; Rudolphi et aI., 1987; Swan et aI., 1987) .
